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This tJieeis is a contintjatioa of the work of Rockwell Holmn, 
reference (13). The general objective la the determination of data 
pertlnont to the design of ship transverse bulkheads. S^ciflcally, 
this thesis investigates the distribution of load between side end 
bottoR supx>orte for an unstif fen^ bulkhead oubjeoted to a concen~ 
tratsd load applied centrally in its plane. Tim effect of a verti- 
cal centerline stiffener on this distribxrfcion is also Invostigated. 

the photo-elastic approach was vjsod and tte Shear Difference 
n»tho4 eii^ilqyed in ccinpiting the stear stress distribution over the 
aide s’^g^poorta 

Two rectangular plates of identical diasenslons were used, Iso- 
chrcaaatics were recorded ly photographing tira loaded Catalin 61-893 
plate, Isocllnics were obtained by tracing ihe pattern shown on the 
less sensitive Plexiglass plate. 

Curves were obtained for the shear stress distribution at the 
sides for the unstiffei^d plate si^ppoi-tsd at aides caaly, and at sides 
and bottoci; and for the stiffened plate ouj^jortod at sides and botboa. 

Overall accuracy was determined to be within 10^. 
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The addit5.csn of the otiffener had little effect on the eiiapo of 
the chsar distribution, but It reduced appreciably the part of the 
load taken the bottcen. 

The validity of thess® results should be iir/estigat©4 fverther by 
ptoto-elastio studies plates of various aspect ratios with 

several stiffeisBr arrangciaents. 



Thesis Si^rvisopj 



Williaa U, J&ttTay 



Title: 



Professor of Meclsinioal Engineering 



li I fii l i m 4s^> «git «fl 

iiaq Si'*» ’\Jcf 1 :k'^c fx M ««Bi>i^ 9»U 

«ti' \c;!:f ~i^"* tttaC 

fil (.li w' AliQ^ 9»ty' ^ mtt 



/I 



ri'j 



il 












The ttuthcxra viaih to e3Q?r«8e their e^E3*«ci&ticm to Professor 
fill la* tf. Uumgr of the D^»rt»Kit of Meohenioel Ilngiaesrlng for 
peraiaslcn to use the ftoHiti.es of the £s^«;iaental Stress 
Analysis Laboretory and for his invaluable assistance, to Profeaeor 
Harvey Ewms, for sugsestiag the investii^tlcaa sad allowing t2ie 
use of test equipaent frcM the Ships structure laborttGry, and to 
Mr* Jonrone Cats for his advice m InatrmmtBtiaa end laboratory 
prooedure* 



iWCl Ml 




4 ' 



V 



Cambridge, Uaseaohusdtts 
Uay 21, 1956 



Secretary of tha Pboulty 
iSaaaachuBetts Institute of Technology 
Catabrldge 39, l^assaohusetts 

Dear Sirs 

In ecoordanoe with the requireaants for the Degrees of Meval 
Engineer and Master of Science in Haval Arohitootxiro axvi Marino 
Engineering, W3 herewith subadt a thesis entitle: ’’A Photo-Elactic 
Study of Stiress Distribution in Ship Transverse Bulkheads”. 

Re^ectf^ly yours. 



'lo 

•nkri'^400 



rati 



t«v'«« >» ip< qi y<l «A^ a^.'xes!0^pes •tfi' {fJ-jSk a«S!i*«x>^« xil 

VNk I««'<sfl ai M»«Mll %« Ik* “ O Ktlyrt 

A" xlmlitnm wi««At * 4i«Ara icf «» y 

MOfetijClT qill fii iMTtf.: ^ 







I 

II 

III 

w 

V 

VI 

VII 



Introduiotlon 

Procedure. 

Results 

Dieousslon of Hesijlts 

Cocicliislcais 

HeccinmeodatioiiS 

Appendix 

A. Sii^plesaentary Introduotl0a 

B. Details of Prooedure 

C. Crigiml Date and Calculations 

D. Literatxxro Citations 



I 

5 

7 

a 

/3 

If 

IS 

/6 

24 

-40 

67 



yl 






ir* 



a 









?v^ 



»«•»»« > 6 t « ^ 9 % y t» 9 »» It »l 



... 42 6*W^ 



.A.i-rtteantrUJ .jfirj>. — I «i i 1 Sr i > ;W Mi ga i r»jr > 



I 

II 

in 

jrr 






Hbtsaemr a staruatura la being daal^ned all efforta ara aiadd b*r 
tb® designer toward a least weight solution that still fulfills tbs 
safety raQuiraasnt6» A solution of this kind om. only bt ohtainad if 
ir^laKle fomtilatlon is availablo, based on resvlts of oeraful tbeo> 
ratloel and oxpwliaimtal sttdleo of strass dlstributioei. By the use 
of available techni?jtji the slnulation of the ease oondltloas as 
thorn iMoh exist in a ship's transiranrsa buUdwad^ aa attsnptad to 
draw reliable oonclusiaas ccneesnlng qmatitatiT® and qualitative 
chunioteristios of the rbreaaes in th® st^porU of a plate subjoeted 
to a ooQoantratad eo-planer oonqprassiva load, 

Qna of the best taoiaolques ovailable is that of using the photo- 
alastle theory to detemina stress pattams through isoelinies and 
iaotzbrontio llsves. This is the tachsique used in our axparlnnats, Bsr 
supporting the plate at tha sides end bottoa, a« atteapted to aake oon- 
dltlcns siKUar to a i^iip's transverse bulkhead. Furkbeznore, the 
alaulatlcn was isprovad by providing the plate with vertical ocnterllne 
stiffeners for one part of the experiment. 

The eaperioantal work in this thesis was olopllfled a great deal 
by the fact that laoet of the cppcxatus needed was already available 
Aron previous work.^^^^ Ee<Kxnaen(Sbtlooe and results Area this previous 
work were also eoaaidered. 

At the request of the Society of Naval Architects and ilarlne En- 
gineers the problea ocmcemiag the action of the stlAfacers in distri- 
buting the deck loeds into the sides and bottoa of the vessel haa basn 
ap);»roaGhed ty other groups^ utilising rectangular flat plates of varl- 
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0«8 aspect ratios, She current practice in this sattor is given the 
laxToau of .Sh4>s fltdoh speciflea tNit "stlffeiaers shall be arranged anS de» 
signed so that ehea acting; with a atrip of bulhhead plating not exceeding 
sixtsr tinea the plating thickness the^ will be adequate to si^^;)ort that 
part of oonoentratei vertical loads \idii4^ cannot be considered as being 
distributed to the ic^llSwad bomsdaries throu^i shsscr iu the bulkhead 
plating, vci*tleal load which is coasidered to be distributed to the 
bouadarias bjr shear ai»uld be baaed x^ou a shear atresa la the platii^ 
for ceie debk hel^t (or no deck is oomsected below the point of 

ap^lcation of the loed; then 7 feet) of about one~half the oritioal 
abear stress for tiM thickness of plstiag and else of panel in quastioD.” 
Ihe eheok of tlM validlt^r of aueh a apeeificat^oa was one of our goals in 
this thesis, 

SavMral studies of plates sub^tod to norsnl and oo~plazier loads 
have been »sd«. 1!he investigation of failure by instability accounts for 
Most of the litarstura in this field and the problem Involvix^ tmlding 
loads of atiffe:!»»d and uostiffaned raotanguXar plates aaama to be stead- 
ily approaching a satisfactory stage. Goasi<!^ralde work, both experi- 
aentiCL and azmlytieal^ on buckling and failure of x'sctangular plates in 
ooBssressicm^^^, their behavior uadar the action of shearinf foroes^^^, 
and alsof how they behave after buckling^'^, has been rt^xnrtad in the 
literature, 

Ihe stress distributian in flat plates at loads balow eritleal have 
bad less experisMurtal attention «s3d mast investlgaticcn has been done 
analytically. Civil engineers have warked on the detensinaticn of stress 
diatributlQn in deep beaas^^^. Ttds xrork is ap^ilioable to s^p struoture 
ss w(d.l. 
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PSsot«>»lassti.oit/ hm b««a a gm&t sl««l to 4«tea®ii>s rts^i 
dlstTxb«tlo!a in bs-aEW, i5®v«ral tiii*a.?ies aad statosa«nt;j ha'/e been ciwels- 
«d by tbe n«o or tbl« ■«ilmbla t»s3., A i^uito reaariaibl® r*«f«mRKS* to 
tb« !»« of this t»obs.iq3j« is l37«stig‘itioa of in a re«tu>> 

jpilar bar by »«umi of p«iLiri®«d in 1?12» Th« purpose of tbls 

wae iffl verify tfea res'oLts of 2c;^t**irtXia.tit oonsemlns tb« peraboLid 
4i»trlbntloa of R^ar in a ioag bar of roataas’iO.ar «s.’oa« seotiaa at a 
distance frcw "&i* points of .losilag, 

Ibe first attea^t tti Ixsvestigatc the rtresR dlctrlbuticn on a 
atiffeaed pUfce by th.« 'we of piV3toel«rtisrli^ vftaa pr««ent*lj to the best 
of the writers* Jcaesle-lge, by referenoe^^^^ nfiileh liasited the extent of 
the study to detemtaaticsa of the ieoalinle patJ^ra for three ospeci 
ratios, 

&7Toral aethods lure tfaULablc for detenEdnation of stx'^jses. In 
referenee'^^^, for iastanse, a probltaa ecawfjhat stailnr tx oux« vm 
studied, nsMtly, **the streae field of a plane plate reaafcxroad by a 
Ic^sgitidinal girdei* and si;fbjeoted to teneiota in a direcM.cn parallel 
with tb** glr«3«r'’, Ps^oressoa- iiJtgerd** ja^tbod 'ras to taSEO the eveswge 
Talue for ebearing ©■'tresRoe between tlia girder and tbs plate at any 
soctioa, Ee the& obtained an espreosicn for t‘:o relative diapXaeesasnt 
froM the differenos caused by these avexesa stres^ses batmen plate 
girder and tbe Integral exprcsslcm fcxr the total elsstlc irorjc in the 
cystea. Fro* this, by the aether of variation, the streeees were 4c- 
teisdaed. la referenee^^^, the aotnsl laatsad of &mctse fitrees was 
used Isy dotcrainitig analytically tko 8ta*sss field, Eawerer, a ocertin- 
uously »ttacl»d glxU'Urr pi^msiitm a q'.tite involved matheawtioel acalysis 
and caused the authors to replace the oentinuous attached girder by cue 
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Tbs principal objactive of this thttsls i%s to determine tbs sh^ 
str««« dlstriljution on tho aide Isomleriaa of a plat® load«3 in its cam 
plana^ and the variation of this ertreca distribution breuQ^t aboirt by 
adding anppert on the bottca end firmlly bgr adding o oc»terllne stiff- 
ner, 

tSM photoelaetic i^pprcach aaa asad a»i aaleiilatiana trare made 
nee of the ao-oelled Shear Dlffereoee Itethod. Siia aethod called for 
the deteraisMticn of iaoslinica and laochrenatie lines cn the locdel. 

Tao nodeXe of different Baterials were used. Itr tbs ioodnrcentics, 
Catalin iH-993f a relatlvel/ aencitive nterial waa usad. A Plexlg^UumB 
aodel was used to dete3*ain8 iaoclinics bosaijco its low sensitivity mde 
this dotesnsimtion aaaier. Ihe plates w^re loaded on e apecial loading 
fnum by a concentrated feren on the oantcrllne, A ooaiiKm load of 
lbs was need on all esperiaoxrbs becauae this load^ wa t€lt, would ];ax)dnoe 
the nmber of lines noeded fbr accuracy without critically straining the 
ODdel. Ibur different ocodltiana were eacaadned; tbo ^late av^ported on 
sides only« on sides and bottca» &»! each for the unstiffraied «»3 etiff- 
oaed eaaee. Tbo stiffbars were attaohesd to the plate by uelng a spec- 
ial solvent, Penacblite Adheeive (^1124* leuifufaotured ^ the Koppers 
Coqpany, lno«, Plttsbus^. An atteapt wao aatde to obtain with ati’ain 
gegeo the load tranacsitted by the stiff^* Ihe aethai, hoeever, did 
not prove enacoeeaful. 

The deterainatiasi of the iooeliBicss was xaede by using tl:» Pleae RdLsr- 
isoope Amingenant with vMte li^t, the isoolizdos ai^ieared as darA llnas 
on the ground glass viesriag eoreen. !Q» load was varied until the beet 
contrast was obtained, as isoclinies vre independant of the load raagni- 
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tufie vitMa tbs sle^tlo liaslt. 

the isoclialee im«e o^>tei»9d at Intervals ot 10 degrees aimA^ 
tezieouely rotating oomterdoekialse both polarise end smlyser through 
that angle, and dreeing theia on tracing paper attached to the vieeiag 
screen. 

the leoehronatics «ere obtained photcgraphsr, tioii^ a leased 
Pblaroid oateera. THo diCftKent arrangenente were used with nonod:sra> 
aatio light, the Otaadard or Grossad dreular Pcslariaocipe prcduoed a 
dark field with the dark isochroHatie liaaB oorrecponii^ to sero e»i 
integral orders of interferazioe, nhile the Hlxed Ssttsp viih iba li^t 
fitidi yielded dark isochroEOBties of Iialf orders. 

Because of the large also of the nodel relative to the lena ay&> 
tsB of the polsrisocpe, it sas not possible to photograph the whole 
■odel in a single pleture. PiettirM were taken of the sides fbr cal> 
ewdation purposes, aaad of the center to show the degree of aligssaant 
of loading. 

With tho data thus obtained, curves of direeticn of oaxian prin- 
cipal stress and of the value of fringe orders were plotted. Fran these 
carves the slmr stress dlatribution too obtaised as shewn in the 
jl^Epesdix. A sore detailed disoassloa of the proeedure can also be found 
in the Appendix. 
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1, With the tanstiffenod plat© ai®port«d at sides aaX^ and an 
s^piied lc«d of 1650 pounds, the oos^ted valvse of shear reaction 
caa each side was 744 pounds. 

2, With the umstiffenod plate si;^iKa*tcd at sides and bottom and 
an applied load of 1650 pounds, the ooj^uted value of shear re- 
action ca each side was 332 poxmds. 

3, With the stiff emd plate supported at sides and bottaa arrf an 
applied load of 1650 pounds, the cos^uted value of shear reaction 
on each side was 4^1 pounds. 

4, Ihe dirtrlbuticffik of shear stress over tlie plate edge for the 
three cooditionB of restraint is shown in Figure 1, Iho effect of 
the added bottom st4>port was to displace the shear stress distribu- 
ti€8i curve toward the top of tljs plate. 

5, It was foiBsd that the addition of the stiffener with the bottom 
support has the effect of increasing the side shear reaction. 

6, laochrceaatic and isodinic patterns for the three conditions of 
restraint were obtained and are shown in the Appendix. 

7, 1319 att<ai^ to use strain gages for obtaining the load taken by 
■the stiff eaaer proved inocsiclxisive. 
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FIGURE I 

SHEAR STRESS DISTRIBUTION 

1 - Unstlffened plato supported at aides 

2 - Unstlffened plate supported at sides and bottom 

3 “ Stiffened plate supported at sides and bottom 
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In csrdor to evaltmte tho results of the expcrlsKsnt, It is necessary 
to oocsider the degree of accuracy of the laethods used. Ihis accuracy 
is dependent upon the precision of each step in ti» cxperisiiental proced- 
ure, namely, the aeasureoent of the applied external load and the de- 
termination of the internal stress diatribution. 

The load cell and the Baldwin Indicator used to measure the ex- 
ternal load applied through the load pin was estimated to have bean 
accurate within 2 %. 

Bie determination of the stress distribution was dependent upon 
photo-elastic results fimd, therefore, its accuracy was limited hy the 
difficulties encountered, 

Ihc frirsga constant as deteirained frosm the tensile nodel test was 
S2.7. All references indicate a fringevalue of S6.0 for the material 
used. Oils difference can be attributed either to experlaontel errors 
esr to a difference in the material Itself. 'Hiis difference, however, 
will have no effect on the shapes of the cocapnted sheas’ stress distri- 
bution, as the naa» value is ttsed throughout. The apparent accuracy 
of Ihe shear diffeareiice method will be affected, since the value of 
the shear reacticci at the plate sides is directly proportional to the 
value of the fringe caastant, 

Ihe most inaccurate part of the cjqpcriaeirt is believed to hav'e been 
Ihe determination of the isoclinic lines. These lines appeared as taroad 
bands at soaa angles and as very faint linos at others, making the exact 
tracing of tho pattern extreniely difficult. 
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Little difficxilty was experionced 1 ji th© deteiroimtion of the iso- 
chx*ocatic3, however, exact centering of the load was never oao5)letely 
attained, 

Edge effects present in the tc^ and bottoB edges of the plate 
changed slightly the isochrcanatic pattern in this vicinity and ohacured 
aosse isotropic points, but should not have influenced the values of the 
fringe orders at the sides. 

The tMie of two plates night have introduced sc»9 error becsiise the 
side rostmint might not have been exactly reprcjdueed.. It is felt, 
however, tl»t this possible error was of jalnor order. 

It was possible, in thie case of the unstlffened plate supported at 
the sides only, to check the overall accuracy of Idle aethod, since the 
applied load ehoiild have equalled the total reaction. The applied load 
was neasured as 1650 povmds, and the total ireaction was computed as 
H88 jxjundo. The overall experimental error, then, was 162 pounds or 

ly the additicai of bottom arppOTt the total side reaction was re- 
duced froia I 4 S 8 i>ouads to 764 pounds, a reducticsi of as should 

be expected, 

»ith this 3 CE 12 condition of restraint end the addition of a ver- 
tical centerline, stiffener, the total shear reaction increased to 902 
pounds, an IS.ljS increase. 

At first thought this night sees unreasoasble because the addition 
of the stiffenor would appaarently increase tlie share of the load taken 
ly the bottoa. This, however, was not the ease. Iho share of the load 
taken by the botto© is proportional to -tti© deflection that the plate 
would have if there was no bottc® siqjport. The addition of the stiff- 
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ener naturally inareaaed tiio bending otiffneas of tlze plate, reduaing 
the deflection that otbervlee vould have taktsi place in an uxistiff<saed 
plate. 

The fflhear stress distribution obtained fca* the unstiffensd plat© 
with side Bi 5 )port was approxiaately parabolic in shape, with the laoxl- 
laua value occurring approriiaately at ,667 h (plat® height) frca the top. 

^Gicn bottota sujpport was added, the curve bocaae flatter and tms 
displaced toward the top. Two distinct hU35g)S of laaxiaium shear stress 
were observed located at approximately ,250 h and ,583 h frosn th® top. 

Addition of the centarllne stiffener with this same condition of 
restraint did not ca\»a any mrked <^nge in the shape of the stress 
distribution curve. The increase in shear stress was aiCKpe pronounced 
toward the top edge of the plate. 

During the loading, the stiffened plate si^jportad at the sides 
caly, failed before the 1650 poui^ load used in the previoua parts of 
tbs experiment was attained. It is believed that the failure can be 
attributed to 1h© tri-axiality of stress dervelcped at the stiffener 
ccaxnection. This is bom out by the fact that -Uie crack ran jarallel 
to the stiffener weldment. It is intemting to not© that the crack 
occurred in the plate itself Indicating that Peimcolite G»U24 pro- 
vided a strong bond. Figure SIX stows a close-up of the plat® after 
failure. 

On© other factor may or aay not have affected our results. The 
plate was stress-relieved in the Laboratcay oven to remove aiy effects 
of tha first two parts of the experiment. During this stress relieving, 
a small area of th© plate beoaiae plastic as c result of uneven heating 
in the oven. Upon rehardening, blotches aj^oaired on the plate sm*face, 
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Tha plate was rehoatsd to 250® F ead allowed to soak for a weekejad. 
IMs appareatly oorracted these em-facs defeoto as the blotchea all 
hxit disappeared, 

Tha attcsa^jt to obt^n tha load transsiitted th3?oi:^ tli© stiffenor 
was sot etujcoasful because aa ia^xroper technique wae used. The strain 
gages indicated cmly local strain on th® stiffener and this strain 
rari€Ri thxougliout Its length, Tiie total load^ therefore, could not be 
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1. Tho Sh^ir Diffeap©no« Method, as used in this expertaent, yields 
an overall aocura<^ within 10^. 

2. Bie addition of a centerline atiffeaier reduces l&e part of the 
load talcan by the bottom, 

3. Ihe addition of bottom svgjport ohcara a definite trend in die- 
placing the shear slaress distribution curve tcarard ^is top edge of 
the plate. Also, this distribution curve becomes flatter and ex- 
hibits two distinct hun;^ as oos^jared with the parabolic shear dis- 
tribution obtained with tlw side supports only. 

4. Ihe addition of a centerline stiffener docs not appreciably 
affect the shape of this curve? however, the value of the total shear 
reaction, represented by the area under the curve, la increased, 

5. The addition of a stiffener introduces tri-axlality of sti*c33 
that nay becc®3 critical at high loadings. 

6. Penacolit® Gr-1124 is an effective bonding adhesive in welding 
Catalin 61-893. Biis fact aakes possible the use of this sensitive 
photo-alastic aaterlal in built-\;^ models. 

7. The technique used in evaluating the load transaiitted throiigh 
the stiffener proved unsatisfactory. 
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1. It ia reooaaaeaidod tJaat this ^jhoto-elaatic study be continued 
end that csiplmsis b® placed on: 

tt. Utilisation of variox» aspect ratioa so that its 
effect the shear atreas dielaribution can b® 
evaluated. 

b. Utilisation of skjts stiffexiers eynaatrically arr- 
anged to verify the treM displayed ia this esqperi- 
nient. 

2. Future studies should utilise tso plates, neiasly, C^talin 
61-893 for deterainctioa of irochroraatlca and a less sensitive 
mterial, such as Lucitc, for deteminatiesn of ieoclinlo lines. 

3. An effort shcjuld be raade to evalxxit® the load transsaitted 
through the stiffeners. It is believed that this could be acoca- 
plished irtillaation of several saeill strain gages mounted at 
various locatlcwys along the length of the stiffeners. In this 
way tbts stress distrlbirtion over the lengtli of the stiffeners 
may be determined . 
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Tixsrm ST9 vmay strafls aaBlsrsi^ probleat im iMCh Vm dafcmitton 
la oBoentialXy porallal to a pla3». T!h&SB ar« oaXXed tm>^imsmiarmX 
pedtajeim^ PXatae of az^ aSspe but of coostant thi<^aaeaa aotod cn 
foroes or eoqplea In tba plana of tha plata aasr suoSii a^tepas that 
Iho crtraoa diotrlbutions ara vae^ dlffioult to datex'sine analytically 
and for auoli oaoat tha photo-alaatia aathod baa prcm>d vary voaful. 

In thla aathod, atodala out out of a plate «»t an iootropic trar«^?arant 
natarlal staah as glMa, oalluloid or halollta are naad. It is well 
Icncwn that tmdar the aetion of strasaas thaee aateriala beoosot dcaMy 
refraeting and> If a beam of polarload light Is pMoad thm^ a trano- 
parent model xsidar atresa^ a pictura vlth odcred bonds cr darh 
and light iVingas wasr be dbtained. 

In the foUoving eiiplanaticjn, me regasrd an ordinary beam cf li^t 
as ccnsleting of vibtzuticaas in sU direotlons transverse to the dlr-> 
eotioQ of the ray. By passing the beam through a Kiool prism or a 
Polaroid disc or by reflectiag it frcm s glass plate covered on oae 
side vlth bleak painty one obtains a acre or less polarized bema of 
light in vhich trexmrvarse vibratioos in a definite direction prevail. 
This is the kind of li^ht used in invmitigstlng stress distri!>utic»a 
in plates. 

ta fig. ’*abofi** represtrata a tranaparent piste cf uaifcra 

thickness ead is the point of intersection with the plate of a 
bees of polarized li^t perpendicular to tlie plate, fkipposc that Ok 
x'Ojnresentc the plane vlbratioa of acsuachrocoatio li^t and that the 
length CA E a repre£»mts the caiplitude of this vibratiem. If tbs 
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vito^tiaoa is tKx»idered to si«pl« hurmni^, the be 

repree^rted tto eqmtim 

a « 8 coe pt (1) 

vbere p is ppoporticml to the frequane^ of dejpm&B cm. 

the eolor of the 

laagina scar that the i^lncipal stre««^ e^ ard ey» diffear^t in 
napiltide, are ^^lied to the edge* of the plate. Pae to the diffcresee 
in the atrmsmi, the optical j^ropertie* of the plate eleo beeoeje differ- 
ent in the teo pesrpendieular direettcae. ZiOt and denote the veil-- 
odtlmi of light in the plane* CSC and 01 reepeetively. The eii^e vibra- 
tion in plane 0& 1* resolved into too oanpooents with lo^lltude* 

- a ooe o( and OC » a ein x in the pianos OX and CS reapeotively, and 
the oorrespoeidij^ dlsplacMKaents are 

K ~ a aoex &cxb pt; y x & einocso* pt, (2} 

If h la the thlc^nese of the plate, tho inttnrvala of tlaa neaeaaary for 
the teo ocapcsMKit vibraticsvi to croas plate are 







and tp m 
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and vibratLon* (2) after eroaoing the ^Late are given W the cqoationet 

3C|^ s a ooo Of cos p(t - t^} ; k * ** cos p(t - t2)< (4) 

Xheee eos^^onezrUi hive the pbaae difference pCt^ ” \)f ^ ^ dlff- 

«»». in velo«ltt« (»^ 1. «»««« gr«.t» extent. 

tiutt the difflK^ence of these \n^oaitleo of light is proportional to the 

differan*^ In ti» prlaotpel streeeee; that is, v - v » o(a - a ). Tbm, 

X y X ^ 

taldag ixrto aeootmt the faet that the ehar^oa of velocity of the light az^ 
very snail asad dcsaatiz^ by v the velocity of th^ light ehen the atroosea 
ore eero, m obtain t^ spsoKJXlmte (^ipsatlcn 
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2 ^< 83 ,-ey), (5) 



c la ft rscsaBtxat deistenSent ca th« f^sioal prqpertlss o€ t!m m%- 
«ri&l of the 

dlff*r«£ti9« of tha two pFinolpAl 8tr#sc9« Msx th«refo£« b« 
fo;od EUNusurir^ tb>'s dlffe 2 '«nos in pb>ui« of tha tao vlbrntlons. Ihla 
0fU5 be dons by bringing the» into interference in tho ««*» plane, Focr 
this purpoaa, another Biicol pries or PolnroM disc (oalled the analyser) 
is placed behind the plate in such a poaltlcsx as to peznsit the paMage 
of Tibratiens in th® plane '’aR” perpeadleultr to the plane Ok cxjly. K» 
eoc^ponents of the vlbratloBe (4)i id^ch pass throtJigh the analyser hare 
the aagilittsies s OB sinc^K a eoset slaofm 1/2 a sin 2<x and OCj^ s OC 
eoeacj; a sincKOoeor » 1/2 a sin 2o( , The resultant vlbx^tlcm in plaiie 
"JBtt” Is 



OOl 008 p (t - t^) - C% eoB p (t - t^) . 

sf 1/2 a sin 2(k<X3B p (t - t 2 ) ** 1/2 a sin 2 a cos p (t ~ ti) = 

s (a sin 2o< sin p ieLZ-ik ) sin p (t - \ ^2) 

2 2 ( 6 ) 

This is a siiaplo harm»io vibaiation vhose aag>litade is proportional to 

ein 1/2 pCt^ r \)' Iwnoc tl« intensity of the light is a fimctiaa of 

the dlfferenoa in sflsase p (t^ - %) or, froa n. (5) a fisactlcai of the 

difference of the ttro principal stresses. 

If the stresses and s^ are equal, and t^ are also equal and 
the aa^itude of the resultant vibration (6) is aero, that is, tha ll^t 
la not transaitted at the point 0 and a darlc spot occurs on the scraen 
behind the analyser. There will be darBness alK> vhenever the angle 

1/2 p (t2 - ~ nn (7) 
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vhero n la thMt Ixdmmiig' of liglit vUl l>« o%*tal 2 ^ 

vixen tixe diffemxeo In principeX 8tr«NM«a ie aucb that 

X/2 p(*^2 ” s ast + ^ 

Sj sbbatituting - % froet e^. ( 4 ) lato sq, (7) esBi then aettdjas 
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one geta 

®x ~ ® a a a ^ (9) 

denoting tbet there will be derlsziena wiher^^m: 'Uxe diffcsrenoe cf the 
prlnoipsl etreaeee beeoraee eqxisl to sn Ixxtci^ttl nultipXe of K^. 

Tb detercdzxe ^its wine of I 41 , liet tw rt^aoe the eleaaent "ebod" 
(Fig. XI?<^) t;sid«a* blexiel stress b^r « strip of sisilsr mteriel under 
siAple tenelon (sy » 0). gr«.<!\«il3y tnffireeslsg the tensile stress Bg.j 

«e Obtein a dm.*k piotore of the er^p on the soroen eeeb tim eq*(9) is 
f^ilfilled. Ikx this Mmnar vs eea eetablish ex^srlMRStiill^, fOr s givm 
aatcriftl of given thickaesSj* the stress ocrreepcndlng to the interttl 
betseen too eooeeoutlve dis^ pdetures of the apootaesx. With this ix>» 
fcrQatloQf oe ossi detescmizw the total stress In e strip tnder ‘Nnsitxfx 
b^ oountlne tbs nuraher of intarffsls batoetm the oxsiseeutlTe dark ianges 
oocxzrrii^ during the grtdnel loading of tba is^peeiswa. 

With jbxm, the photo>elastlo aothod glvc^ the difference, 

Sj, •> of the two prlaelpal streeoes es dlsotiseed in the oecaal par«~ 
graph abcnre. It also gives tho waxlsm ehesring stress direotl^ be- 
cense the noxiiaue shaei' stress is equal to 1/2 (% - By )* Sanaa «q.(9) 
xaa ;7 be writt<m in f om 
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K s ^ ^ stated that there is darkness vhisn~ 

ever equal to an lnteg3ral »yltiple of K. 

Ee(^ of tlie dark frlx^ges in a streesed speolsttn is the loois) of 
points ehere the zaKXiBuw sheering stress or the differcmoe of the 
principal stresses is occastant. TStohing the spaelaian while the 
load is applied gradually, we xaiy see how the nu»he? of dark fringes 
IzierMUMS with increase of load. The new chmm alesys appear at the 
top and the bottom of the beam and gradmlly move toward the neutral 
plane so that the frii^es beooKte myrt and more closely packed. The 
stress at assy point is then obtained by coumting the msafeer of fringes 
which pass over the point. 

Having Introduced eoctc of the basic theory underlying the phcto> 
olastio laethod of stress analysis, let us consider in mere detail the 
photo>^astle equipaunt used for quantitative wo^. The Bolariscope, 
as the apparatus is called, oogosists of the elei^nts idiown In Fig.XIT'^G. 
The source of light nay be an insandescent laii^ giving white li^t or 
a mercury vapor arc leap giving iKKKdhrcnotic light. The fccraer will 
give a pattern of brilliant bands of different colors or hues each one re«- 
presenting a constant value for the difference between tha two prin- 
cipal stresses. These bends have been designated by the name '>iso~ 
chresaatios" . The alternate bright end dark lines formed in nonochro- 
satlc light are also Isochroeaatlea (though sonetiises ealled interference 
"fringes**) and ere distinguished from one another acoordlng to the value 
of n, ccvsequently, they are often refered to as the isoohroBatio of 
sero, first, second order of interference, and so on. The ositer cooler 
r^stama heat energy fro 0 the light rays m that the balsam in 
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the Hicol prisne will not aelt. Th« inurposa of ths qviartor-wave platss 
will sliortly be diacussed. 

Returning to a coasidsration of ®q. (6), we see that the su^litude 
of vibration of lij^t pacslr® throui^ the analyser is proportional also 
to sin 2 o( , where oc ie the angle between tho ijlano of polariaotion and 
the plauoe of one of the pi*incipal stresses (fig. XIV-A). If these two 
planes coincide, sin 2od'is scro and we obtain a darlc spot on the screen. 
Hence in exasdning a stressed transx«reat laodel in pclcriaed light, we 
observe xxst aierely tho dark fringes disouaced before but also dark lines 
(isoclinics) conriectir^j the points at iriiich one of the principal otreeaes 
coincides with the plane of polarisation. £y rotating both Kiool pris^os 
aiMi raarklng the dark lines on the isnge of the streasod plate for vari- 
ous directions of the plane of polarisation, we obtain the systeaa of eo- 
called Isoclinlo lines which Join together points with the same direc- 
tions of prineijm! stresses , Having these lines, w© can draw the lines 
udiich arc tangential at each point to the principal axes of stress. 

Those latter lines are called '’the trajectories of the prlnci|«l stross- 
ea*^. Thus the directions of the principal stresses at each point of 
the plate can be obtained cxperiaentally. 

These ieoclinics jaay bs distinguished froa the stress fringes by 
rotating both Hicol prlascs alike. The stress fringes do not shift posi- 
tion but the isoolinlca do. Usually, however, the isoclinics are re- 
Evjved entirely ty inserting quarter-wave plates as shown in Fig. XIV-C, 

A qxiarter-wave plate resolves a transverse vibration into two cewpon- 
©nt3 at right angles to each other j tills plate is E»de of a doubly refracting 
mtsrlal such as ndca end with such a thickness that it retards one of 
these cosiponGnts of vibration a quarter-wave length Esore than the other. 
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Tba first quarter-wave plate in Fig. XIV-C witii its axis at 45® to th® 
initial plane of vitiation of tiie polarized li^t, prcxiuces two aaagca- 
ent displacesaents, one parallel to its axis and csae perpendioular 
to, IJiase diaplaotaaents vary exactly in 'toe saiM jssmser as toa coordi- 
nates "u** and ”v*’ of point A raoving unlforaly on toe cirexsoferenoe of 
a circle (fig. HV-B) and for this reason toe light cuerging froes toe 
first quarter-wav© plate is said "to be oircixlarly polarised. The sec- 
ood qmitor-wave plate in Fig. XIV-C restores toe platjo polarised light 
if no stressed jaodel is present. An equation similar to ©q. (6) can be 
derived for the vibration of a beam of light after passage through toe 
polarisoqpe including quarter-wave plates aisl stressed sKsdel, The re- 
sulting eqmtion differs fro® ©q. (6) in that 'toe term sin 2«has dis- 
ai^ared from toe amplitude portion of 'the expressicn, showing that the 
assplitude of the resulting vibiratioa is independent of «< and oonseqijrently 
no isoolinio lines are pr«sent. 

The use of laonochrooatlc lig^t is preferred most wor*kers for 
obtaining stress patterns because the dark fringes plxjtograpb Ewch more 
readily and are easier to use than the colored patterns. White light 
is bet-tcr fca* obtaining Isoollnies becatise they show as dark frizzes 
against a colored background. 

The eagaitude of the shear stress (Sg) at any point on any arbitrary 
strai^t line across a plan© Is given toe expression 

{aj « sin 20‘ 

® 2 

where 6’ is ■&© acute angle laeasured fro® toa normal to the arbitraiy 
straight line to "toe directim of the algebraically mxiaaaa principal 
stress Sy^. 
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The photo-filftsstlo Bsethcdi provides tlie necessary and sufficient date 
to evaluate (Sg). The stress pattenvs give ~ 8^), aad the iKocliuics 
give tlie directions of the principal stresses, i. e, , the angle 6'. The 
niSMirical values of th® ahe«r stress (Sg) can tetis he easily calculated 
at all points. 

jlie above definition of 9* is very ccrovenient becaxiea its direction 
aiU be the ssbq &s the directiem of the shear streos Sg. 

The following steps outline the jewjedura for applying the shear- 
difference jaethod in our werh: 

1, DrsTir curves of n and ©* for the edge in question. 

2. Deteriaiae tee direction of Sg by iisspectlon of the 0* curve and 
by lowing the direction of principal stresses at a tmrticular point o- 
Icng tiKJ edge (intersection with \^per edge in cccgiresaion is an exae^ile), 

Ccsigjute sheer stresses at a euffioiont nunlber of points of the 
edge to penait the plotting of tlie ahsai* stress curve (Sg). This cce^pvt- 
tatioa is »ado by the use of the ejqjression 

Sg « sin 2©' a nK sin 2©' 

2 

where values of n and ©' are available frcaa step 1 aM K is the fringe 
constant for t^K& transparent suterial used and determined os e:9qploined 
proviously, 

4. A static check is provided by measuring the ar^ under tee shear 
cxirve with a planiiaater or by Sisson's rule, giving an average shear 
steees. Tto total shear aeajoso tee edge is teen given by 

^ • (®s^roean * ^ 

where A Is tee area of tee edge section, ®ds valus of V is then com- 
pared against the actual V. 
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All of tbe elaemts of the polcrisoope r«qt 2 ired hy this the^s 
«ore svsilahle in the E^sperlaental S^^’oes AxaJLysia Lebotretcx^. A ges>' 
er«l vlfsw of the Leboratosy setup oan be seen in Figure XVI, and a 
skeaatic diagrasB of t})e polarlseope is enelooed as Figure XIV. 

The polarl scope «as eqtiipped with souroes of bath ^&it* and nooD- 
chrceatle light shioh could be interchanged quieSsly. White light ves 
prodtaced bF an inoaadeseent bulb of 500 setts oapaci^. Monoohroaetlc 
light was obtained frcK a d<-c aercuEy-arc. ffratt^ filters, 56 and 77-A., 
inare used to laai^ out radiations oth^ than the "green*' line. TMs fil- 
ter also aided in obtaining sharply defined frii^es Is the isoehroaattc 
dlgre.’xs. 

Ike polariser and analyser sere IfUol prlans azid because of their 
SMtXl diaMter, a lens aystea was req^uired to produce a field of suffl- 
eieat size for studying the siodel. 

Quarter-eeve plates sere acunted on the sam stands as the pcxLar- 
Iser and analyBer and were readily aeoeasible and easily removable. 

All of the above eqiiipcaent was souated on an optical bench, this 
bench «BS rigid ax^ tiie tgxpcr surface v«a tvw frcn aiQr projecting 
bracl 06 ts or sx^sports so as to permit the continuous xniinterrupted slid- 
ing of the lenses tad prisms resting upon it. tlxe opticsl bench osci- 
sisted of tieo independent parts with the load frasie between tiiecu the 
two sootlons were aligned and ascmtsly fastened in place. 

pert before the load frane held the light soux^, water cell, 
filter and auxiliary lene, polariser, q.\oarter-wave plate, aiai the first 
ooUimting lens, the secod pert s’sg>ported the B&ocal collimating lane. 
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eeoonS quarter»v»v« the end the oemre. 

the cenera «M e«t osi two ruravara, m wes all the eq^iipasent m the 
b<»»3h« these nssiers aad the IMlvlduel eu^Eq^orts of eeeh pieoa of equip- 
Msit provided fas* loogltudJLnal «s sell as vertioal aowinRat. thunsh 
screes oould be used to loek the sqi;^i*ts i& piece both Xopgitudloftlly 
sad vertically. Another set of thusb sorsvs persltted sllj^ traaarver^ 
adjustassit of the polaris<»pe lExlts. 

The lens and shutter oystera of eaoera sere reeoved, leaving only 
the belloes. Tieving screens end a Polaroid castera sere easily inserted 
at the afti»r end of these bellows providing e::raellent nobility in focus* 
Isg end ellgnlag the equipsMnt before phot(%raphs sere taken. 

AXthouj^ all l^e equipaent required was availsble, the polurisccpe 
had to be set to give the best laage for our particular problea. 

Tbs first step In the setting <st the polarlS(»3pe was to align the 
polariaer, analyser, and all lenses so that their centos lay on am 
lias parallel to the long axis of the optical bench stiich was ^eclssd 
and found to be horisoctel. 

The next st^ was to wQce sure that the field <m the sosreen was of 
tsiiforxB intensity and sell defined. To this end the polarlscr was set 
to give a circularly polarised field end the analyser to give a bright 
laMge cm the screen. This called for a adsokl setqp. Qie leap and othex' 
elaawata sere adjusted so that the screen field was circular with s 
sharp outi.iae, and free froB color or black blot(d)e8. 

Sw elenents of the pclarisoope sere then locked into position and 
these positions sera narked aloag the aide of the bench with SRsking tape. 

It is obvious that a suitahLe straining sMchine is ess^tial for 

qr 
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pbo'toi-Xartle tJb® irx'db3.mm 1st « .^Ssioto^lartio l«3sor*tory tare 

diCTisrmt fstm ihoite of a. mtaeiaX taetixig: labae>«tas7;> «Qd the equip- 
Moot^ therefore^ nuci eXiio be 

devioes ueed to extora^l loedn to e md«l vtaj « great 

deal depeedl!!^ tiqpon lisiliTitual requirea^atR of epeelal aodaXs. 

Far thlK theeie a lead fraaa belooging to Shlpa Struetare lab- 
oratory of tbs I6uiaacsh;jaetts Imtitute of Teohoolqi^ was wed. 

A adcHte deeertptlea sjrl detailed co»strueticQt plaa for thle load 
fraaift ie found In rafer>m9a 13* 

73a» load frsiw 1« li^iilt of alusdisia^ and Ite parta are a^yam aelMMa* 
attoally in the ^speadix,. 

It le sade eaeentiallf ef a 3/4 thieic baee plarta, to ehicsh ere 
attached tovr *«rtloal po»ts» !{3be(ie poate are aeds of twa cppoeln^ ohao- 
aels plaoed ia rodte a that a tra»fve7a« loading Isar Mn work beteeim 
then. 

At the top the vertleal posts are attached to a supportixig hori- 
eontal bar« 

TIm lunar pc^ta bmrt hdes drilled 11/2 Intshae ap«urt to pearmlt 
the olaapl:^ of the oodel. 

7bm outer posts have 3/4 dtajwster hole» spsoed 2 Inohee apart 
to peradt vertieal adjastaseat of the pivot point of tho traasvereo 
3.o«diag bar. 

Tta pivot pin besore on tvo bronse buidrLnga placed in acatahlcg 
holes of the outer pos'ts, 

The l^id pin Is 9<xe»(s'iaA to a alidirg attactsMsxl on the trazas- 



vexeie loedix^ bar 
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1S» in srg)5f»3rt^i TdlX«T boarlr^ai an a 

et«)sX I h»m» A <sr‘ 0 «fit tmdSssg 3M»ihs:aifiRft mavm load Cvmm aloso^ th« 
I beam pcroridli^ for poaitXonla^ of tha aodol in ita am 

1!bs bs&m iraets on a ee*^\ 'table bn'vring vor^tloftl Bovttaaot. '!!Ma 
talslc pert of tba i^'uipMext of Stress AnslTsia Labora't'jr;/, 

"DX'Mf Isotb letisral «b& vertical of tb-i load £^ae can be 

a<30C£9ll3b«d easily, 

Sosw ipdifieetiocas ’«ar« s»do to suit partie^ilar needs of isbis 
ej^perlsent, 

Qm of tbs fusodi^Mtatel re>%niraidn'ta for p^o'to^astic wxi± is flesc- 
end a»>3l;bni»ss i^t losdix^. In order ‘to deteradne the general 
forsaation of tS:» rtrenii pattern and the fHsige orders at a particular 
pcdnt^ it is neeecsary to ea'tch the growing or changing stress pattesT;^ 
under grodi^Iy ebanglXig loads. 

*Sh» ccrigiml fraase im^^sSed a vatar tank to asMere this varying 
load. Several authoi^ raeoasMK^ this wel^t hydraulic syateaa for 
ssoothest loading. 

It s^ decided;, booevex*, ‘that ‘the ‘tenk aould inti'odvice eoa^pUca- 
tiorw not cnly bo^ysc of the required eater ooosiestioQS but also be» 
cause the high Ic^ds needed in this proibles vculd cause tlxe defiectlaQS 
of 'the horisofital bar to bscoae eKcassive, introduicing xadsaligisient in 
loading of the plate. 

Instead, a hy^vtuXic Jack, borroeed fros ‘the Q:>lps Ctxnic'tura Xsb- 
oratoary plaoed directly over the sliding support of the load pin. 
The other support for the Jtssk v«ts provided by the x^p«r traasverao 
beta of the lead freae. 
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In this mnstiST a higjbsr load ©wild be a^iblsvad TBltbwit errt&m 
liitrodiiaod the bfaadttx? c£ the b«r, and the load (SOJtld be ehsng**i 
qtdLsjcl 3 r to suit the iMBOdlete n'eeta of Vm eag;:ierl«i9Bat» This setc^ 
scrlcsd pretty wH eiWK tboijjgh scaie difft-rjltl-e.-j Trior# «j»Wi'n.'t'sr«! in 
the aligsEaent of the jawik itswlf « obserrtsjg: tits «r„‘3e«*tr/ of the 
isoobrooatle pattern obtained. It eius aleayo |>rai»lblo to saaiter tbo 
Applied Xoed* 

The rertlcal ehenceXe had. to b« chaniied to #o<scie*:<i£t 3 the raodel. 

The size of the lattear ms lialtad by the width aS" 'Uno plate^ 12 inehas^ 
ftamlohed by the Catalln Ooipomtioo. .Allowing a m^gin f«r tiae alaj^- 
Ing of the laodel# the dietenee between the rertloaX poets had to be re-> 
duced to 9 3/4 ischae« 

This was easily a<KKaii|^:dished by lK?rin^ and tbreodinff new holes in 
the base plate. 

This work was done by Maohiaae Shop of tSae Inigtit^tte. 

The load was applied to the aodel by a 1/2 isiah diaaetwr oylladrl- 
sal load ptn^ aotlng on the plate through a 3/l6 inch diameter load pin, 
Do avoid exeesslve stress eoaoeatratitsi and platrll« defanaatiotci, 

the 3/l6 iaah pin did not aake direst eoRtact with the plate. It rested 
on a saall alixdnua bar of 3/4 inch lar^h and of tha same tbii^eaaeii; 
as tlw plate. 

In trassoltting the load from the small alTjaintta bar to the plat# 
itself, a thin piece of oaribonrd with the a«i 2 « dirac^isiijnii as tiio bat' 

mas need. 

This cardboard was used to elisotaate a efsmxt t!iffieulty p^’eaoao 
in photo-elastie work, that of the Ij^ropar distrib^ian of load. 
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Ir csrd«r foe* th« to 1?® ormtinarsiw! rbS <So£lci«td„ 

0 t«^»ssao and at3«ic0 nrist ba tx>o»(}i.aaasiQE«l«> OtlMrwiaeji breaks sisd 
dl«eontliudtl«fB ajjpear in tb« rtepeaM# peittam. 

To eliRdmta stsah tJi« Ijoade »R»t bt tadfoswiX^ 

diatrib»ita<J »ajX3*s th« tMakneaiJ of Urn ssodflCl sm-rta of aona eqnali'> 
»«?» !!Si« eq^ialiaer ia a pi,«a® of oardbtmrd» 

Sb« loR»i pin fscaprf-see ». 1niil1v-ia load coll„ Tlii» load eell Is 
eoB|x>aod cdT four* typa A«? strain gages* 

of thma nra plaoad on on^oeita sid«3 of the load pin end tvo 
ars attac^el to pi«o®« of ^wklsjum biar, tiChe latter act as du«?r gages 
for t«K?«i:^Rtap<s eo*g«asisatlan, 

Thsiie gages war® ocewaoted stjch that fora tha ajsas ^ a «heat» 
stce» bridga as shosn in th« Appandix* 'Sds setup ellnimted agnr Indi- 
cation of heodiag and g»,Ye a true indicatim of th« tpdLal faro® thro»:^ 
tbft pin« 

Ihcso gage® wac?® tested fas* ahs»Hts or disocertlmiitlflfi with a potes>. 
tioBietea* a«! war® foissd to I?® In goad opaeatlng oonditicei. 

Tben next ate® was t© eiOUtepate tfe® load oel3.. 

For this pwrxoae th® load pin was p«t in setdes with e Standard 
Baldwin Load Cell beJanglsg to the Stress Analysis leberatOTy, 

load pin gagas and its dt»i«l«s «vr« coraeoted to an Bol6~ 
win Inlioatar with a gaigs factor BMatting of 1.92, 

A oallheatlon mtriw plotted, indicated a rccponac of 1.05S in/la 
per pouDfl* 

In tsrder to get ewar. idiltSi am eesler to wcrli with, a new 

gage factor setting which wcsild prc«d.d« an indication of 1,00 in/ in per 
pound was 
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Using tho g«eQC»«l for strain g«g«s iRtic^tors 



trus X 0«F, tx'ue i« lsdiss1»d x C!^ iskliosted, 

«e obtain 

(Sf isim JUlSXX^ E a 00 

in ^ 

OF in * s 2.03 

1.00 



tSMrefore^ a gage faetc^ of 2.03 «es used In os4er to obtain the de- 
sired respoisse, 

A vsm oalibration nea ms s»de velss this ¥slua for ebecldnf ptzr- 
poeos. 



Tb* oalibration eisrve is sbcsen In tbe Appendix. 

Before eaeh run a eero roadis^ ma aade and the value of angr lead 
oould be easily obtained by using the ocnvafrelon factor of l.OQ in /in 
p«? poi3»i. 

Tm preoision on tlie load BaaesurcMsnt vas depe»3ent xi^ca the adni- 
aiuQ reeoluticn of the strain indicator^ ahieh was eetiaated to be about 



2.00 in /in. 
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Ibe pcdarisec^ arrangeoant of the Pbotoelastio Xsibcntitory is that 



of transsdsaian type^ usi3^ l^eol prisai. This pdarlsocpe scrtiQ> is well 
adapted for photogn^iic 

Aoois^te loadir^ of the axxSel is of periast isi;>ort«nce in attaining 
good results. First the Esodel used ms roughly i^wartricelly load^l. 



then the loading was milusted until a flyaaetrical pattern uas obtained 
Ihe shccrpsaess and geaeral eppsarance of the photon^astie sis^ma 
patt<»rn was greatly improved by ooatinf the surfaeos of the laodel with 
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ft li^xt elftftz* oil, t£ 0 & then vlpixs^ tiMft alo«n, This ses*^ tl»ft 

double jpurpoftft of r«escv±i3g oerks) aad fillim^ in mss^ tiz:^ 

SCTtt'b^^S, 

Tbs ftotxjftl phcrtGg?{^?kie ecrk «m greatly oiai^fled beottuae of 
tbe i^oilities provided on the pcdasdsoope cetiup. The freiaa of the 
grcmi glass viesii:^ !i«re<«:si os the <»ztald4» part of the belloss is in- 
teroheageoble with two otbar fraaea. Oat cosvtains a Land Polsa*cdd oaa»» 
era, and snotbar aontains a grcRsoA ^Laas vleving eereen, the 

saEK» siae ob the pclaroid print and with the sane fosel dirtenee as the 
canera itself. The procedure see to foetas the picttire on this serean, 
then, exduunge this fmae toe the one oantaisdeg the oaasra. Xbe photo- 
gra;^ vea then takasi with no dlffleulty. 

The adimntages of the land Pclaroid cwaora for this of ex- 
perlaent oaxsaot be orsr ea^hasiaed. To have & pictisre developed end 
raedy to be analyssed i& 60 aecoeads is a tremendous help i^jen tiias is at 
a preislun. 

As tba zdxutter had been raesoved froa the oansra, an iapfxs^fismd 
fiihuttfir had to be devised. 

The tioe of axposxsre required to photograph & strem pattern de~ 
ponds csa mmy feetors, such as Intensity of light souroe, aaEgnificattan 
of the iiaoge, SBiilaticm speed of tbe photognqshlo flln and the tra2ie» 
pareney of the model. 

The inprovized shutter vaa oade of too pieces of cardboard rotated 
jaujually in frost of the light baera. The first trials with th* hi|^ 
speed fila Polaroid Type 44 were ix>t satisfiMtosy. 

In order to aaks taqposure tiae less critical, «e u^ the sloeer 
Polarcid film lype 41 » reaulta wire then very Cfttisfacto?:y ss o«n 
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b® 8««s^ thtt of tb* tars® slase of tJsi 

nodal It was xaot powsifel® t© phafeogfrapb tJ»s mdel at oew tine. 

Tin s»x»edure ms to « plotfim tb® aid® bouadar^ a»d 

mseth^ fihcMi£jg th« aa^ar part of tba nodal, 

Thre« diffaraat pleturaa aero taicaa fcr eaah eoaaditioa Imeetiga-* 
two 9f tb« aldaa, cm vltb tb« oiroular dark Held aaTancamaiit $!x)Sh- 
lima of int^;ral crier sad aaot2^ with tbe «dreular ll^t 
field a^spwisg the luilf cer^NKra. Tbe tbirvl pboiogt'apSi wm takas with tSse 



dark field arraagenaet at the eenter to shear t2io de^^rae of s 2 r»Mtry 



attalrasd in loading. 









Tbs photoelastlo naterial aeleetad for a given nodal is alaa^ the 
result dt a <K»«xrQ8daa to seeisra tb» largest n\adb(^ of desirable prop- 
ertlea with ihs fewmt UDdesiratile e2»ra«ttrdsti'»i« For our Kx^iosioBsAs 
CatallQ 6X*^3 (foecwerly Bakeliti Bt-61-d93) tumm& to be the best oholaa. 
It has good strength prepartieSj, e relatively Mgh aodulua of alaetleity; 
end, qptioallyy is noderati^^ saosltive to stsessa For stresses below 



4p00 psi the creep effect Is mgligible isi a period of a few boars. T^m 
liftohlrJLcg properties are reasonably good^ laidi its tine-eKlIge effect is 
not axoassive, 

ibe two Catallo plates ordered fron the Catalln Corpnratica cf 
Nsnr Tork arrived in tlie mfli^iebed and tx^eliaihed state, Several ib^ 
eispected st«q[)e then beeane zseceseary before the actual espes'iaastal work 



could be started. 

Sketches of the desired tensile ncdel and atiff^rs wero au^plied 
to the Institale Macddm Shop, Tin Shop aMcbimd the aodal and stiff- 
mra t3 the speciHcatiom of these sketeshes, Ihe tecsslle nodd wss 
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then polished to a smooth and clear finish. All polishing was done 
the polishing wheels of the &!cperimental Stress Laboratory using a solxi- 
tion of alusdniaa oxide and water as the abrasive. The vfheel itself was 
covez'ed with black Italian velvet. 

The plate model was also polished in tlie above namer. The plate, 
however, presented added coi^lications as it was noticeably warped. An 
attempt to resiove the curvature by placing 'Uie plate in oil, heating to 
240°F, soaking at that t« 5 )orature for a few hoiars, and then cooling 
slowly, proved unsuccessful. A second attetipt was made by griMlng the 
comers of the plate and heating to 240®F in the small insulated fur- 
nace of the Exparimsntal Stress Analysis Labcxratory. After several 
<^cles of prolonged heatlz^ and gradual cooling with the plate resting 
cn a flat piece of glass, the cxzrvature was roaoved. Subseqtient exaia~ 
inatloQ under polarized light showed the model to be stress free. 

Horizontal ax>d vertical reference lines spaced (me inch apart ware 
etched on the surface of the plate. Finally, a cc»at of Hujol, a li^t 
mineral oil, was applied to the surface of the plate to remove any fin- 
ger marks and fill in any snail scratoheo. 

The stiffeners, because they voutld not be exandized photoelastiCKilly, 
did not require aiy fins polishing. One SR4 l^pa A-7 strain gage was 
Bsounted on each side of the stiffeners with Duco caaent. After the 
gages were aotmted, the stiffeners were placed to dry in the furnace at 
80®F for about 24 hours. 

Once the first parte of the experiment were over, that is those 
with the plate In the unstiffened condition, the stiffeners were welded 
to the models, Penaoolite G-1124 was used as the binding adhesive. First 
the Fesaacolit© was spread cn the plate along the vertical centerline 
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where iiys stiffener wss to bs welded, ajid also along the edge of th® 
atlffener itself. After a ten rainute wait the two were Joined in their 
prc^r positicsjs. Pressure was then applied and Eiaintained cvecmight. 
Two stiffeners were used, one on each side of the plate. The stiffeners 
were sads of Catalin 61-693 aad were each 6" x 1/2” x 1/4” in size. A 
sore detailed descriptiem of the welding procedure is given in refer- 
ence 16. 

edi 

The fririge constant is really a stress-optic constant for •ttie laat- 
erial. It is a proper^ of the saaterial aiid nay vary frea batch to 
batch, as sllgitt differences in curing tine and ciethod aoay easily occur. 
As the stress I»tgnit^Jda at any point in a photoolastic model is directly 
propcxrtlonal to the fringe constant as well as the fringe order, an aco- 
xnrate determination of the former is quite necessary for satisfactory 
results. 

For this reason a tensile model was mad® ais! the fringe constant 
detenained by a tensile test* The model ims placed in a loadii^ frame 
as shown in Figure XVIII. The circular polariscope with the dark field 
arrangeaieiit was used and a tensile lead was gradually applied to tl«5 
model. The load was measured by a Baldwin SE-4 load cell connected to 
a load cell analyser. At the start a no-load reading was taken. As 
the load was increased, isochroEoatlc lines appeairod as a dark shadow 
over the entiire shank of the n©del. IMs shadow appeared, became dai'k, 
and disappeared in <^cles as the load was gradually increased. The 
darkest color of eadi cycle indicated an integral order of interference, 
and strain readings were taken as each order appeared. After six orders 
wore observed, the load was gradually r-adviced and readings were taken as 
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the orders reappeared. This proced^ar© was repeated aiid a graph of 
strain reading in p«ln/la vers\» order of int«i*f«roneej, ?igure XIIX. 

Has plotted. TS» sicpo of thla curve «a« deterntned as 310 ♦^"’^/in/ 

order. Using the forcula F.C. « ^ (where Is 

h All ' An 

the slope of the oixnre with 1 Ih equal to 10 u** In/ln and b equal to 
the wid'^ of the tensile aodel in this ease .37^ inches) » the fringe 
constant was determined to be 62,7 ox'der with aonoorcaatlc 

li^t of wwTo length 9461 A^. 

Once these prallsdjwks^ iten» were dispoa€>d oft the actual experi* 
jaental work was started. 

The unstiffened Cetalin plate was placed in the load frana with its 
bottom edge two inches above the base j^ate of the fraaK». The plate 
was tei^Kxrarily supported ty two rectangular steel bars ^ch one inch 
thick end pieced one on top of the other. Two thin steel plates with 
flat edges were tieed on each ei»! of the plate. ^ plaeing one of these 
plates betweaa each side of Catalln plate and the ehamela of the load 
fraxaef better clanpli^ was obtained than would have been possible h(K3 
only the rotmded edge channels been used. Ihe screws were tii^temd 
by hoM and the model centered between the edge si^ipartB. clasps 
ing was coupleted by ti^tenlng tl» sorewn with vrenelaes. 'The 
screws were ti^tened fron the center of each edge cnitwnrd toward the 
tqp and bottoe, Approxiaatcly equal pressure was put on oecli screw 
in an atteapt to aake the clasping as unifara as possible. The two 
steel bars beneath tlw plate were then reasoned. 

The cardboard eqasalicer and the small alurJLnura load bar were then 
centered on the tep edge of the plate with the load pin centered bc(rl~ 
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ecstfiU^r iimu Vb« XoeaSjsg «sa was th«ci Xoartered e^sut its pivot 

pcdnt until tha vtrtiesl load pin on tlw eliding atteelsaoit reatad on 
tha horizontal load pin. With the plate <!la«|sa(l two IsxSrns al»ave the 
bsM) plate of load ft’sae, the load asta of the £mm was s»ar3^ borl^son* 
tal whl4^ aado it easier to obtain a s;f5iBetrleal load distri!>uticn. 

The h^draulia jaek was i^eed betiraen the eliding attacba^t of 
the load ars and the i^per cross ateahor of the load frsaa. !3iln wcoden 
blo^ were used on each end of the jack to aid in emii^ distributing 
the load. The iiuik, gliding attac&aent, and load pin ware oentared as 
closely as possible. Pressure was applied to the jade and the load m 
the laodel gradually inermsad until several iaocliroesatic lines appeared 
on the viewing ssracn. 

t'sxialXy the load was not mde ayasetrioal m the first attasfit. In 
these oases; the pressure was released and isinor adjustaents nade to the 
position of the jade, sliding attachmat, and load pin. The pressure 
was reapsd.ied and the whole procedure repeated until a syBCWtrleal die- 
tributicsi of load whs observed. A. load of 16?0 pounds, enough to giva 
sicfflcleint linos for eelctilatian purposes and still not overetrsss the 
pdate, was applied. 

At ‘tida point the large viewing screen was resnovad and the ssaller 
one inserted. This swall screen displayed an iiasge of mtactly the sasie 
sice as thsit liiidb could be reproduced the Polaroid oas»ra. In addi- 
tion, if the trmge was focused sharply aa the screen, the saae f^sues 
would be sharp for the ewaeret. The viewing screon and mmra were not 
large enou^ te reproduce the Inage of the whole plate. Separa'to sett- 
ings and phDtographs had to be nade for the oonter and the side. 

The aodel ioage was oertterad on the viawiz^ scewn adjusting the 
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eupportii^ talxle aivi cross feod oschanlBia of the load fc*as»* The 
ifflage waa sharply focused cm the viewing screen, and the eorecn replaced 
hy the polai^oidi cassera, Ihe load was recheciced and the photc^xtiph tal:- 
ea. 

In taking th© x^otograidis, the exposure tin» had to be judged by 
trial anfl error einee the shutter and lens ^r8t«:a of the caiaera had 
been reiaoved to fit th» eamra into tl»e bellows of pcxLerisoope, 

Ihe oorreot exposure tiote was achieved by tising two cmxiboard sheets. 

Ih© two shaeta were held flat against each other fomijg a trlanglular 
alit between them. One sheet was held in front of the quarterwa\^» 
plate and analyser ^sMle the light excluding slide of the oa»era was 
reiaoved. The sheets vez^ then rotated smrtly across the light beam 
until the second cardboard covered the qiwrter wavs plate opening. The 
slide was then replaced across camera mouth. After a sixty second 
wait tho picture was rcsoved from the camera. 

The load frame was then K>ved with the cross feed xsschaniaQ un> 
til the desired image of the plate side appeared on the viewing screen 
which was now suibstltuted for the camera. The side which gave tha 
clear^t imago was ssleotod and the above procedure repeated to give 
a photogiwiph of the integral orders at tte side, A 1650 pcand load 
was used for all photographs of IsochroDWtios to allow a better cccw 
parlsoa between i^hotograiiis. 

Tlia half order isoclliiics were obtained by rotating the polar- 
ize? 90P givli^ a cirouOLar pblariscope with the light field. Ihese 
half order isoolinics allowed more points to be plotted <mi the fringe 
ardor curve irtiich was used in the shear difference method cosputaticass. 
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ATter th9 lo«d was i*eleassd, the equipaenl; was raiaovQd and the 
Borews holdli^ the plate were loosened. !Eho Cstalin plate was then re~ 
laoved^ and the Plexiglass plate was placed In the frasse in the sase 
xanner. 

As leoclinic lines do aot vary with load within the elastic llnit, 
ths load which gave idia clearest pattern of iaoellnic lines was applied 
to the SBodol. 

Tlha quarter wave plat«® were reaoved and white light through the 
iffrattea filter was twed. 

The large viewing acreen was Inserted and focused alnoe traeix^ 
pajjer rather than photographs were tasod to reproduce the isoclinica. 

The syswatry of load was attained hy checking that the 0® Iso- 
cllxaic lay alcaig ths vertical centerline of ths plate. After the load 
was center®! the load fraras was »oved to "too clearest aide. Tracing 
paper was ta|^ over th® screen anfl the rofcrenc® lin^ of the plate 
iaage imre drawn. 

The polariser and analyzer were slniiltax^ouely rotated 10® counter- 
clockarise arid the 10® Isoclinic lines were traced on the paper and label- 
ed. Th® polariser and analyzer were rotated 10® aore, and so on until 
a full qyole, 90® was recorded, Intar^aedlate angles ware recorded idicn 
thsy appeared necessary for the clarity of Idio pattem. 

This entire procedure for obtaining the Isochrocatics and the iso- 
cllalc llnoa was repeated for th© unstiffened plates supported on t?» 
bottoa 08 well as the sides, and for ths stiffened plates in both sx:?^- 
ort ooEriitions. 

The procedure was varied slightly vdiea bottom s\?iport ts®s added, 

A piece of cardboard was placed between the bottoa edge of the plot© 



aeff w* f^imxq ^^^i yrr.fln^ 

«UA ««2<^ 4l 4MTi: s* «^>'i^ a^f^ja»c^ 9tJt ^iJ» 

.&)mAJL xifh»i» wit eeMrJW !Mi 4ii» ««v .JV :ii< 

<MfcOK 9«fir «;f 

}»i-<i.Mi {'iiH/jPot ^3iXfl wsd* sdp 9tfg0m, tr^>mt3i9 Wlfml jtf 

«b# <»aaitei ^ iy» «• c# ^m; •9a» ■ ^ i K I mat 

^ mWt ‘<^7 T?fWi|» W/t 

tmz tmt ..I'ttin \» ^^'su mt imu mi v iniLo 

.cci^ r 4 !>9 t;^ mw la^ twt iwmtmo aw 

^tijg wit la mrstl twr^w^l'Tz MCt ln» wviae -*it ^mro ma^ '^ma 

«C«lr 

-X^c*x am maw abt m t/tws mciJ **"**- ”^ Ja» «#aaalc 

X.£#i¥f r» v* La» .can 9*a«i#a **wr .’a 

4Br* 6o y j >ca mtm mU^ a»JJmmr.-iui mm a/em iXv? a 

mt* M/^ 1 ml* ** t a#l 
-Yuj tat iHc ^ ml fi.iTm:- st% 

wit >■•» f :?^yqjjar* tmothXiMt^ ».<M w^'t mimm^ wd^t vtalXt 

->nr|(.9 U9C %* mttJt^ fmm99^Jt^ *iJ ad Ww , Mta« mm itm mg nW9a 

<.-*4 «mpa Ki*rta m^a o*cri,^ aamtma 

r>ij‘q[ V- •* #<*«4 Mp* i»**j^» >*> aAhg t 



azsd tiio bass plats of load fraa^. While the scr&m wMoh clasps 
the sides of the plate Kiere feeing tightened, U4^t procsure «ac eiplled 
to the plats forcing it against the frasas base plate, these two steps 
were taken in an attaint to insnre even distribution of support aoroes 
tlse bottosi of the plate. tiMS support •toble fcsr the load fraase had to 
be raised two incl^ to oerrt^ the xttod^ in the li^t beam, and the load 
ara pivot point iad to be dropped two inches to permit the load era to 
reaein nearly horiooatal ^en the load pin rested on the tcp edge of 
the plate, 

Ihe strain gages attached to the plate stiff&r and the diEasy gages 
for temperature conaponsatioin were cc^msoted fonaing the arms of a IRieat- 
stoins Bridge, A sero readix^ end subsequent readings as the load was 
gradually Increased to 1650 pounds were recorded. These readings were 
plotted as strain on stiffner versus applied load as shown in Figure XX. 

Daring the determination of the isoohroraatloe of the stiffesnad 
plate with side clasping only, the (fetalin plate failed before 1650 
poxaxd load was reached. A loud snap was heard and the lc»d was lamed- 
lately r^aoved. Tl^ plalKJ was examined and a large crack running ip 
from the bottess edge, parallel to the stiffener, was olsservod. This 
failure is shown in Figure XIX. 
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SiQjportocJ at Bides ooly 



QXQ3i^ 


Order 








0 (Top) 


.30 
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1/2 


1.23 


50,0 


.965 


179 


1 


2.15 


32.5 


.906 


287 


1 1/2 


3.60 


27.0 
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506 
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32.5 


.906 


654 
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4.15 


37.0 


.961 


587 


5 


3.33 


37.5 


.966 


433 


5 1/2 


2.50 


27.0 


.809 


298 


6 (Bottoo) 


2.00 


0 


0 


0 



Applied load at c«nt^ of plate - 1650 Ibe. 
Cc«s?ut«d shear fcrca can each edge - 744 l^tss. 
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FiaUHK II 
UKSTIPFENKD PLATE 
Supported at sides only 
Load 1650 lbs. 
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imSTIFFSSSD PIAtE 
Sx^^xartod at aides and bot-km 
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.2 


55 
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Axq?lied load at canter of plats - 1650 Iba, 
CcE 5 )Uted shear fOMo on each edge - 332 Ibo. 
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FIGURE III 
UWSTIFFENED PLATE 
Supported at sides and bottom 
Load 1650 lbs 




TABLE III 



SnFFEHED PUTE 
Sxippcsrted at eideo and bottcjo 



Station 


Order 








0 (Top) 


1.60 


90° 


0 


0 


1 2 


1.95 


59.5 


.945 


272 


1 


2.65 


48 


.970 


379 


112 


3.27 


25 


.766 


370 


2 


3.58 


20 


.643 


340 


2 12 


3.65 


18.5 


,602 


322 


3 


3.30 


20.5 


.656 


320 


3 12 


2.72 


30.5 


.875 


351 


4 


2.20 


39.5 


.982 


319 


4 12 


1.60 


46 


,999 


236 


5 


1.20 


51 


.978 


173 


5 12 


O.TO 


54.5 


.945 


98 


6 (Bottom) 


0.(X) 


56.5 


.921 


0 



Applied load at center of plate - 1650 lbs. 
Ccffl^juted shear force on each edge - 451 lbs. 
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FIGUWE / 

I^cCl-INIC FaTTLkN 
UnstifTenea PJyLo 
Jupported at sides only 
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FIGURE VI 
ISOCLINIC PATTERN 
Unstiffened Plate 
Supported at sides and bottom 







FIGUHi' VII 
. sue.- IN I e 

plate 

.-^^ppo.”tec 'ii sides und 
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FIGURE VIII 
ISOCLINIC PATTERN 
Stiffened Plate 
Supported at sides only 
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Center -- Dark Field 



FIGUiU:; IX 

ISOCILiO:LfiTIC P..TTXRN 
Unstlffened pie to 
Supported at sides only 
Load 1650 lbs. 
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Center - Dark Field 



FIGURE X 

ISOCHROMATIC PATTERN 
Unstlffened plate 
Supported at sides and bottom 
Load 1650 lbs 
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/laURE XI 

150 ZIL\ Oxn 1 J : t X TE5N 

u^tifi'ened .late supported at sides and oct'-or. 
5oad - lbs. 
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LOAD PIN CALIBRATION 



FOUR aa-4 TXPE A-7 WIM STRAIN GAQSS, G.F. - 1.91 
B&LimN STRAIN IfDIGATOa SSTTINQ; G.F. - 2.03 



Load 


Sm<lias. 
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12 
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12 
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136.0 


12 
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322 
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12 
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367 
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12 
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12 
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0120 


407 



Calibratioa constant - 1.00 ^ In/in j»r pound 
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FIGURE XII 
LOAD Pin CALIBRATION 
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OGI^TANT CALIBRATION 
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FRINGF CONSTANT CALIBRATION 
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FIGURE XV 

SCHEMATIC DRAWING OF LOAD FRAME 
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FIGURE XX 
STRAIN ON STIFFENER 
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